Neuronal responses to second-order motion, that is, to spatiotemporal variations of texture or contrast, have been reported in several cortical areas of mammals, including the middle-temporal (MT) area in primates. In this study, we investigated whether second-order responses are present in the cat posteromedial lateral suprasylvian (PMLS) cortex, a possible homolog of the primate area MT. The stimuli used were luminance-based sine-wave gratings (first-order) and contrast-modulated carrier stimuli (second-order), which consisted of a high-spatial-frequency static grating (carrier) whose contrast was modulated by a low-spatial-frequency drifting grating (envelope). Results indicate that most PMLS neurons responded to second-order motion and for the vast majority of cells, first-and second-order preferred directions were conserved. However, responses to secondorder stimuli were significantly reduced when compared to those evoked by first-order gratings. Circular variance was increased for second-order stimuli, indicating that PMLS direction selectivity was weaker for this type of stimulus. Finally, carrier orientation selectivity was either absent or very broad and had no influence on the envelope's orientation selectivity. In conclusion, our data show that PMLS neurons exhibit similar first-and second-order response profiles and that, akin primate area MT cells, they perform a form-cue invariant analysis of motion signals.
Introduction
Psychophysics experiments have shown that human observers can detect the motion of surrounding objects not only from spatiotemporal variations of luminance (first-order information), but also from spatiotemporal variations of texture and contrast (second-order information) (for reviews, see Burr and Thompson 2011; Nishida 2011) . Since second-order motion detection cannot be explained via the classical receptive field theory, models such as feature-tracking (Derrington and Ukkonen 1999) and the "filter-rectify-filter" (Baker 1999 ) have been proposed to explain how the visual system can decode second-order cues. At the neuronal level, responses to second-order motion were first observed in the middle-temporal (MT) area of primate cortex (Albright 1992) where response profiles to first-and second-order stimuli were similar. Thus, it was proposed that MT neurons could perform "form-cue invariant" processing, that is, that direction of motion is detected independently from objects' physical features.
More recently, it was revealed in cats that second-order motion is decoded as early as the retina and lateral geniculate nucleus, with the Y-cell pathway carrying a demodulated representation of the visual scene (Demb, Zaghloul, Haarsma et al. 2001; Rosenberg et al. 2010; Rosenberg and Issa 2011) . In a series of experiments, Baker and colleagues Baker 1998b, 1999; Zhou and Baker 1994; Li and Baker 2012) revealed that neurons in the early stages of the cat visual cortex, Areas 17 and 18, detect second-order motion. They used a contrast-modulated stimulus that consists of a static high-spatial-frequency texture called the carrier whose contrast is modulated by a lower-frequency drifting grating known as the envelope (Mareschal and Baker 1999) . Striate cortex responses to second-order motion stimuli were smaller than those evoked by luminance gratings and neurons had lower preferred spatial and temporal frequencies when stimulated with second-order cues. However, the neurons preferred direction was persistent for both stimulus types Baker 1998b, 1999; Li and Baker 2012) .
In cat, the posteromedial lateral suprasylvian (PMLS) cortex is phylogenetically considered to be the homolog of monkey's area MT (Payne 1993; Burke et al. 1998) . PMLS neurons respond to simple (Morrone et al. 1986 ) and global motion stimuli such as optic flow (Li et al. 2000; Brosseau-Lachaine et al. 2001 ) and texture patterns (Merabet et al. 2000) . They can also decode the direction of complex random dot kinematograms (RDKs), a task that necessitates spatial and temporal integration over an extensive area of the visual field (Villeneuve et al. 2006) . Further, PMLS lesions induce permanent deficits in motion integration (Rudolph and Pasternak 1996) . Based on these findings and on the presence of feed-forward inputs from Areas 17 and 18 (Symonds and Rosenquist 1984; Grant and Shipp 1991; Grant and Hilgetag 2005) and LGN Y-cells (Berson 1985; Burke et al. 1998) , it is likely that neurons in PMLS would detect the motion of contrastmodulated stimuli.
The aim of this study was to determine whether second-order motion revealed by contrast-modulated stimuli could be signaled in the PMLS and to what extent the responses properties differed from those in the LGN and Areas 17 and 18. Response profiles induced by first-and second-order stimuli were also compared to reveal if the PMLS performs "form-cue invariant" processing similar to the monkey's area MT, which would suggest the existence of common mechanisms for motion detection across species.
Materials and Methods

Animal Preparation
Experiments were performed on 5 adult cats (3.0-4.6 kg). The animals were treated according to the guidelines of the Canadian Council on Animal Care, and the experimental protocol was accepted by the Animal Ethics Committee of the Université de Montréal. All efforts were made to minimize any discomfort of the animals. Prior to surgery, animals were pre-medicated by a subcutaneous injection of atropine (0.04 mg/kg) and Atravet © (0.5 mg/kg). General anesthesia was induced by inhalation of a gas mixture of oxygen and nitrous oxide (1:1 ratio) with isoflurane, and the latter was maintained at 2% during surgical procedures. Lidocaine hydrochloride (2%) was subcutaneously injected at incision and pressure points. Animals were placed in a stereotaxic apparatus and then immobilized with gallamine triethiodide (10 mg/ kg/h) in a lactated Ringer solution administered through the cannulized cephalic vein. Next, ventilation mixture was switched to 30% oxygen and 70% nitrous oxide. A craniotomy was performed at Horsley-Clarke coordinates −2 to +2 along the anterior-posterior axis and +12 to +16 laterally. To ensure a higher neuronal activity, halothane (0.5-0.7%) was used during recordings (Villeneuve and Casanova 2003) . Respiration rate and volume were set to maintain optimal end-tidal CO 2 levels (35-40 mmHg). Electrocardiogram (ECG) and electroencephalogram (EEG) were monitored throughout the experiments, and core body temperature was maintained at ∼37.5°C with a feedback-controlled electrical blanket. Pupils were dilated using atropine drops (1%), and nictitating membranes were retracted with phenylephrine hydrochloride drops (2.5%). Contact lenses of appropriate refractive power were applied on the cornea.
After each experiment, animals were euthanized by i.v. administration of Euthanyl © and perfused with a 4% paraformaldehyde solution. Brains were removed, post-fixed in a 4% paraformaldehyde solution, and cut in coronal sections to confirm the positions of recording electrodes in PMLS cortex.
Visual Stimulation
For each neuron, receptive fields were first hand-mapped on a tangent screen located 57 cm from the animal eyes. Visual stimuli were displayed on a CRT screen (ViewSonic Graphic series G220fb, 40.5 × 30 cm, 68 Hz, 45 cd/m 2 of max luminance) placed 21.5 cm in front of the animal, subtending 81 × 60°of visual field. The CRT position was centered with respect to hand-mapped receptive fields. All visual stimuli were presented full-screen using VPixx software interfaced with a DATAPixx CRT driver (VPixx Technologies, Inc.). Gamma correction was performed using the built-in VPIXX correction module. First-order stimuli consisted of drifting sine-wave luminance gratings. Second-order stimuli consisted in contrast-modulated carrier stimuli (Mareschal and Baker 1999) . These stimuli are composed of a background stationary high spatial-frequency grating (termed "carrier") that is superposed by a drifting low-frequency grating (termed "envelope") that is devoid of luminance information but instead modulates the contrast of the carrier. A movie of a typical contrast-modulated carrier stimulus is presented in the Supplemental Material. To ensure that no first-order artifact would contaminate the envelope stimuli, the carrier spatial frequency (SF car ) was set to high values (see below) and both luminance and envelope stimuli were set to have a maximum contrast of 70% (Scott-Samuel and Georgeson 1999) .
To compare first-and second-order receptive field selectivity, optimal parameters for luminance and envelope gratings were determined. The different stimulation conditions were presented pseudo-randomly for 10 trials (all conditions were presented once during each trial, following a random order that was regenerated each trial). Orientation selectivity was tested at a 15 or 30°r esolution ranging from 0 to 345°drifting angle while keeping the spatial frequency (SF), temporal frequency (TF), and carrier (for second-order stimuli) fixed at their preferred values. To test SF and TF frequencies and velocity selectivity, gratings were used with pseudo-random combinations (12 conditions) of SF (ranging between 0.05 and 0.6 cpd) and TF (ranging between 2 and 4 Hz) values while maintaining the grating at the optimal drift direction. The effects of the carrier's orientation (0-150°orientation, 30°steps) and spatial frequency (SF car : 1-7 cpd, 1 cpd step) were tested separately with the envelope fixed at its preferred drifting direction, SF env and TF env .
Data Recording and Analysis
Extracellular potentials were recorded using single varnished tungsten microelectrodes (H-J Winston, 2.0-2.3 MΩ) and fed to an Alphalab Pro data acquisition system (Alpha Omega, Inc., v4.11).
Spikes were recorded at a sampling rate of 25 kHz and band-pass filtered between 300 Hz and 6 kHz. Recording for a single trial occurred over a 1.5-s period, with pre-(200 ms) and post-stimulus (300 ms) blank presentations surrounding the visual stimulation (1 s). Mean firing frequency was averaged over 10 presentations. Single-unit spike sorting and neuronal responses analysis were performed using custom Matlab routines (The MathWorks, Inc., R2012b). Spikes were detected using a threshold window set at 4 times the estimated standard deviation of the background noise (Quiroga et al. 2004 ). Feature extraction was achieved using discrete wavelet decomposition (Letelier and Weber 2000) , and principal component analysis was used to create a set of 12 uncorrelated features. Those features were used to cluster the recorded spikes using Gaussian mixture models (Takekawa et al. 2010) , and the number of clusters was determined using the distribution with the lowest Bayes Information Criterion. Responses were cumulated in peristimulus time histograms (PSTH) and inter-spike interval (ISI) histograms (binwidths of 10 and 1 ms, respectively) and saved for further analysis.
The direction selectivity of each cell was assessed by computing a direction index (DI):
response in the non-preferred direction-spontaneous activity response in the preferred direction-spontaneous activity :
Neurons with a DI > 0.5 were considered direction-selective. Temporal frequency modulation was calculated using a modulation index (MI) as described in Movshon et al. (1978) . A Fourier transform of the PSTH during the stimulus period was performed. The MI corresponds to the ratio of the power at the stimulus frequency (AC or F1) divided by the DC component (with the baseline activity subtracted).
For all tuning functions, linear interpolation of data points was performed. Bandwidths corresponded to the full width at halfheight of the maximal response, subtracted from baseline activity levels. The percentage of overlap between the first-and secondorder bandwidths was calculated as follows:
where overlap is, in degrees, the span in direction angles that is shared by both first-(BW1) and second-order (BW2) bandwidths limits (see Fig. 3A ). The bandwidth measurements described earlier only consider response variability around a neuron's preferred direction and do not take into consideration the responses across all 360°o f direction. Thus, to provide a complementary quantification of direction selectivity, a circular variance (CV) index was calculated as follows:
R k is the response strength for the given direction θ k (in radians). Circular variance values range from 0 to 1, where 1 represents equal responsiveness across all directions (180°bandwidth), and 0 indicates responsiveness to only one direction (Mareschal and Baker 1999) . Data are expressed as mean ± S.E.M. Statistical analyses were performed using the Statistical toolbox in Matlab (The MathWorks, Inc., R2012b). Student's one-sample t-tests and χ 2 tests were used to test the data against a normal and non-normal distribution, respectively. Student's paired t-tests were employed to perform statistical comparisons on normally distributed data, otherwise Wilcoxon signed rank tests were used.
Results
We recorded 74 single-units in the PMLS. From this dataset, 5 cells were discarded because of incomplete data and 5 cells were unresponsive to second-order motion stimuli. Thus, the following analyses were performed using the data originating from 64 PMLS neurons. In order to compare first-and second-order response properties, each neuron's direction selectivity, spatial and temporal frequency selectivity, response modulation, and velocity tuning were determined for both luminance (first-order) and contrast-modulated gratings (second-order).
First-and Second-Order Stimulus Sensitivity and Direction Selectivity of PMLS Neurons
After the determination of the optimal luminance and envelope spatial and temporal frequencies and carrier orientation, PMLS neuron's direction selectivity was tested for both first-and second-order motion stimuli. Examples of direction selectivity profiles are presented in Figures 1 and 6 . Figure 1 shows the response profiles of 3 representative PMLS neurons to first-and secondorder stimuli presented at different directions (luminance or envelope gratings). All 3 neurons were orientation selective, but while the neuron shown in Panel A responded similarly to opposite directions of motion (non-direction selective), the other 2 cells (Panels B and C) only responded to one direction and were thus highly direction-selective. For all 3 neurons, the response profiles to first-and second-order stimuli were highly similar, albeit with an overall reduced response strength to second-order stimuli. Subsequent analysis focused on differences and similarities between first-and second-order response profiles of the sampled population of PMLS neurons.
Responses evoked by second-order stimuli were 17 ± 5.4% smaller than those evoked by first-order stimuli (P < 0.001 Student's paired t-test, n = 64). This is illustrated in Figure 2A where the majority of data points lie below the line of unity. While most PMLS neurons (42/64) exhibited lower responses to contrastmodulated carrier stimuli than for luminance gratings, 8 neurons were unaffected by the nature of the stimulus and interestingly, a subset of 14 PMLS neurons preferred second-order motion stimuli (>10% increase in response). We next examined whether firstand second-order (envelope) preferred orientations significantly differed. As indicated by the distribution shown in Panel B of Figure 2 , the vast majority of cells (58/64) had their luminance and envelope stimulus preferred orientation to differ by 15°or less, indicating that orientation selectivity was strongly conserved across first-and second-order profiles (P > 0.05, Student's t-test).
First-and second-order direction selectivity profiles were further analyzed by quantifying the selectivity around their preferred direction (see Methods and Fig. 3A) . Full width at halfheight bandwidth values for luminance and envelope stimuli were not different (mean bandwidth in degree: luminance: 49 ± 3, envelope: 50 ± 3, P = 0.77 Student's paired t-test, n = 64). This is illustrated in Figure 3B , where most data points lie close to the line of unity. Further, as shown in the distribution histogram of Figure 3C , the majority of neurons (50/64) had a bandwidth overlap of at least 50% and many of them (29/64) showed an overlap of 75% or more. Of the remaining neurons, 12 showed no overlap and 2 neurons had very little overlap (10-20%). These neurons corresponded to non-direction selective cells whose preferred direction flipped by 180°or the few cells that exhibited changes in their orientation selectivity profile following secondorder motion stimuli (see Fig. 2B ).
A direction index (DI) was calculated in order to quantify the difference in response strength at 2 opposite drifting directions at the neuron's preferred orientation. Direction index values were slightly higher upon second-order stimulation when compared to first-order (mean DI: envelope: 0.54 ± 0.03, luminance: 0.48 ± 0.04, P < 0.05, Wilcoxon signed rank test, Fig. 3D ).
Traditional measures of response properties such bandwidth and DI values provide vital insight on neuron's direction selectivity but they present a number of limitations. First, full width at half-height bandwidth values cannot be computed when responses at non-preferred drifting directions are not lower than half of the maximum response. Thus, when selectivity is very broad (as will be demonstrated below in the section pertaining to the carrier orientation selectivity), bandwidth values cannot be extracted. Second, the DI quantifies direction preference but only between the preferred drifting direction and its opposite direction, discarding the data from the other directions tested. The CV is an alternate measurement to describe a neuron's response profile taking into consideration the responses across the entire spectrum tested (Mareschal and Baker 1999) . Since CV sums response vectors over all directions, it provides a global quantification of a neuron's direction selectivity profile (Mardia 1972) . CV values for second-order stimuli were on average larger than first-order values (mean CV lum : 0.59 ± 0.03, mean CV env : 0.67 ± 0.03, P < 0.01 Student's paired t-test). This is illustrated in Figure 3E where most points lie above the line of unity. Our data thus indicate that, when considering all direction response vectors, neurons' direction selectivity is in fact slightly reduced upon second-order stimulation in the PMLS.
Spatiotemporal Profile of First-and Second-Order Responses
Using luminance and envelope optimal drifting directions, the preferred spatial (SF) and temporal frequencies (TF) and velocity values for first-and second-order stimuli were also measured for every neuron. Spatial and temporal frequencies selectivity profiles of representative PMLS neurons are shown in Panels A1 and B1 of of −0.03 ± 0.08). The mean preferred TF for both luminance and envelope stimuli were also similar (identical means of 3.2 ± 0.1 Hz, P = 0.65 Student's paired t-test). The distribution histogram of the TF env /TF lum ratio (in octaves) also exhibits a normal-like distribution centered on 0 (Panel B2, mean of 0.04 ± 0.07). Since many SF and TF combinations were presented during a single test, we were able to assess whether PMLS neurons were selective for the TF or the velocity of gratings. For each neuron, scatter plots of the preferred TF at every SF tested were generated and subject to linear regression analysis (adapted from Priebe et al. 2006 ). An example of resulting graphs for the same neuron shown in A is illustrated in Panel C for luminance and envelope gratings. In this example, the neuron was tuned to velocity only under second-order stimulation. Cells were classified as tuned for velocity when the regression's determination coefficient was higher than 0.8 and generated a standard error lower than 2.5. Using such classification criteria, 3 cells were classified as tuned for velocity upon first-order stimulation and 7 cells for second-order (Fig. 4D) . Thus, velocity-selective PMLS neurons are scarce and unfortunately this precludes the use of contingency statistical analysis to determine whether second-order stimuli favor velocity decoding in this area. We next examined the temporal activity patterns occurring during first-and second-order stimulation. Firing patterns of neurons under first-and second-order stimulation were compared using ISI histograms. Their analysis revealed that discharge patterns were not affected by the nature of the stimuli (data not shown, mean ISI of 5.0 ± 0.5 ms for first-order, 5.2 ± 0.6 ms for second-order, P = 0.49 Student's paired t-test). Next, spike trains were cumulated in peristimulus time histograms (PSTH) to assess response amplitude modulation occurring at the TF of the luminance or envelope drifting gratings. Response modulation was quantified using an MI, based on Fourier analysis of PSTH (see Methods). Response modulation was weak for PMLS neurons under both first-and second-order stimulation (first-order: mean of 0.30 ± 0.03, second-order: 0.43 ± 0.08). Notwithstanding, the MI was significantly increased upon second-order stimulation (P < 0.05 Wilcoxon signed rank test), as shown in Figure 5 through the proportion of data points located above the line of unity.
Selectivity to Carrier Components of Second-Order Stimuli
It was previously reported that neuronal responses to envelope stimuli in cat areas 17 and 18 were modulated by the orientation and spatial frequency of the carrier Baker 1998a, 1999) . We thus investigated whether the carrier features influence second-order responses in PMLS (Figs 6 and 7) . Selectivity to the carrier's orientation was first examined, and data from 2 representative neurons are shown in Figure 6 together with their respective luminance or envelope direction selectivity profiles. The direction-selective cell in A had no orientation selectivity for the carrier (CV Second-order MI Figure 5 . Response modulation during first-and second-order stimulations.
Scatter plot of the second-to first-order MIs. Note the high proportion of cells poorly modulated (MI < 0.5) and the larger proportion of points above the line of unity. The dashed lines at MI = 1 represents the boundary used to define simple and complex cells (Skottun et al. 1991) .
bandwidth (80°). Across our data, carrier orientation selectivity bandwidth values were either large or could not be measured (see Fig. 7A ). Indeed, no carrier orientation selectivity bandwidth could be calculated for 20 cells (31% of our sample). The remaining cells (44) were broadly tuned with a mean carrier orientation selectivity bandwidth of 89 ± 5°. Accordingly, CV values of carrier orientation selectivity profiles were also high with an average of 0.94 ± 0.01 (Fig. 7B) . Selectivity for the carrier spatial frequency (SF car ) was next assessed. The range of optimal SF car was fairly separated from the SF selectivity spectrum of both luminance and envelope gratings (see Panel C for an example). On average, the optimal SF car was 3.9 octaves ± 0.1 higher than the SF env .
Finally, we verified whether PMLS neurons exhibited preferences with regards to the difference in orientation between the envelope and carrier gratings. The distribution of cells as a function of the offset between their preferred carrier and envelope orientations is shown in Panel D and was statistically uniform (P = 0.70, χ 2 test). Thus, there was no defined relationship between the envelope and the carrier preferred orientations. Considering the poor selectivity for the carrier orientation and the lack of correlation between envelope and carrier preferred orientations, our data indicate that PMLS neurons detect envelope characteristics independently of the carrier orientation.
Discussion
PMLS is considered as a key motion-processing area in the cat. Indeed, PMLS neurons respond to simple and complex motion cues (Kim et al. 1997; Villeneuve et al. 2006 ) and the destruction of PMLS produces important direction discrimination deficits (Rudolph and Pasternak 1996) . Here, we present for the first time evidence that the vast majority of PMLS neurons detect contrast-modulated motion with a high selectivity. Our results indicate that first-and second-order tunings are very similar in terms of spatiotemporal and direction selectivities. Furthermore, our results show that, contrary to neurons from Areas 17 and 18, second-order responses of PMLS neurons are not influenced by carrier properties.
Neuronal Pathways for Second-Order Motion Decoding in the Cat
PMLS neurons receive inputs from structures that are sensitive to second-order visual information. First, the PMLS receives direct functional inputs from Areas 17 and 18, which respond to contrast-modulated carrier stimuli (Zhou and Baker 1994; Mareschal and Baker 1998b; 1999; Ledgeway et al. 2005) . Beside the cortical pathways, a robust direct lateral geniculate nucleus projection from Y-cells innervates the PMLS (Berson 1985; Burke et al. 1998) . PMLS connectivity also include visual structures known to process complex motion information such as the anterior ectosylvian cortex (AEV, Mucke et al. 1982; Miceli et al. 1985; Zabouri et al. 2008 ) and the LP-Pulvinar complex (Rauschecker et al. 1987; Merabet et al. 1998; Dumbrava et al. 2001 ).
Proportion of Second-Order Motion-Sensitive Cells
We found that the vast majority of PMLS cells tested (64/69 cells, 93%) responded to contrast-modulated motion stimuli. This
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Orientation ( The inner circle indicates baseline activity. Note the absence or weak selectivity for the carrier's orientation.
proportion is significantly higher than the ones reported for Areas 17 and 18. Using a second-order motion stimulus identical to the one used in this study, only 20% of cells in Area 17 (Zhou and Baker 1994) and ∼50% of Area 18 neurons responded to second-order motion (Mareschal and Baker 1998b; Gharat and Baker 2012) . The increased number of neurons sensitive to second-order motion in Area 18 when compared with Area 17 is paralleled by a prominent input of LGN Y cells to Area 18 (Stone and Dreher 1973; Humphrey et al. 1985) . The similitude in second-order motion responses between Area 18 and LGN Y-cells (Rosenberg et al. 2010 ) has led to a functional model where LGN Y-cells play a central role in demodulating non-linear visual information (Rosenberg and Issa 2011) . Together with our results, this suggests that the high prevalence of neurons sensitive to second-order motion in the PMLS may result from the functional importance of its LGN-Y cell input (Berson 1985; Burke et al. 1998 ) when integrating signals originating from the primary visual cortex.
First and Second-Order Direction Selectivity Profiles
As previously reported in the primary visual cortex (Mareschal and Baker 1998b; Li and Baker 2012) , second-order motion stimuli produced weaker responses than first-order stimuli in the PMLS but the direction selectivity was, however, relatively unaffected. For the vast majority (90%) of neurons, first-and second-order (envelope) preferred directions differ by 15°or less. Using CV, a holistic measurement of direction selectivity, we found that direction selectivity was broader for second-order stimuli (CV lum :
0.59, CV env : 0.68). The CV values reported here for PMLS neurons are much higher than the values previously reported from Area 18, for both second-and first-order responses (Mareschal and Baker 1998a; 1999) . However, similar to PMLS, Area 18 neurons had a broader tuning for second-order (CV: 0.48) than firstorder (0.26) motion stimuli. While LGN Y-cells have typically very broad direction selectivity for first-order stimulation (e.g., CV of 0.93 in Rosenberg et al. 2010) , data on envelope direction tuning are currently unavailable, preventing from further describing the evolution of envelope direction selectivity across the motion-detection pathway.
Spatiotemporal/Velocity Selectivity
For both LGN Y-cells and Area 18 neurons, preferred TF is reduced consequent to second-order stimulation (Mareschal and Baker 1998b; 1999; Rosenberg et al. 2010 ). In the LGN, Y-cells preferred TF for luminance gratings is 9.2 Hz but is reduced to 4 Hz when using second-order stimulation (Rosenberg et al. 2010) . The same outcome has been reported in Area 18 where the preferred TF is reduced by ∼45% upon second-order stimulation (6.6-3.8 Hz in Mareschal and Baker 1998b; 5.3-2.8 Hz in Mareschal and Baker 1999 difference between first-and second-order preferred TF diminishes along the visual pathway's hierarchy. When tested for velocity selectivity, the vast majority of PMLS neurons were not tuned to velocity, as reported in Area 18 (Mareschal and Baker 1998b) . We saw a trend in our data suggesting that velocity tuning might be expressed in higher proportion with second-order stimulation but the low prevalence of velocity-selective cells limit our interpretation of this phenomenon. In cat visual cortex, the decoding of velocity may preferentially occur in AEV, where most neurons are highly selective for speed (Mucke et al. 1982; Benedek et al. 1988; Zabouri et al. 2008) .
In summary, direction, spatial and TF selectivity of PMLS neurons to luminance and envelope gratings is very similar, apart from overall reduced responses. The fact that first-and secondorder spatiotemporal selectivities are identical in PMLS distinguishes this area from the LGN and the striate cortex. Finally, the preponderance of second-order motion-sensitive neurons in PMLS is consistent with the role of this area in complex motion processing.
Carrier Selectivity
Two conclusions can be drawn from our experiments testing the effects of the orientation of the carrier component. First, there is no relation between the preferred orientations of the envelope and carrier components. This is in agreement with studies in the LGN (Rosenberg et al. 2010 ) and in Areas 17 and 18 (Zhou and Baker 1994; Mareschal and Baker 1998a; 1999) where carrier orientation selectivity is independent of the envelope orientation. Second, our data indicate that, with an average CV value of 0.94 to carrier orientation, the PMLS can be considered to process second-order motion independently of the carrier orientation. Despite being present, carrier orientation selectivity is somewhat weak in visual structures upstream of the PMLS. For instance, LGN Y cells exhibit CV for carrier orientation selectivity of 0.81 on average (Rosenberg et al. 2010) . Further, carrier orientation CV values are slightly higher for area 18 neurons (CV car of 0.85 in Mareschal and Baker 1998a) . Together with our data, these results suggest a gradual loss of carrier orientation selectivity to process second-order motion as visual information converge to higher-order visual areas such as the PMLS. It further emphasizes the role of PMLS as being primarily a motion-detection area (Morrone et al. 1986; Rudolph and Pasternak 1996; Merabet et al. 2000) .
Comparison Between Cat and Primate Second-Order Motion Pathways
There is consistent homology between cat and primate pathways in the processing of second-order visual information. Primates also have retinal and LGN circuits that efficiently decode second-order information (Gielen et al. 1981; Petrusca et al. 2007; Crook et al. 2008) .
LGN Y-cells in cats (Rosenberg et al. 2010) and primates (Gielen et al. 1981 ) have non-linear spatial frequency selectivity clearly shifted to high values (e.g., with a 12-fold increase in primates). Consistent with the cat area 18, one-third of primate V2 neurons are responsive to contrastmodulated carrier stimuli (Li et al. 2014) ; most V2 neurons responses are slightly reduced upon second-order stimulation, are clearly tuned to high carrier spatial frequencies and exhibit independent orientation selectivity to carrier and envelope components (Li et al. 2014) . One notable inter-species difference is that V2 neurons are more selective to carrier orientation than Area 18 cells.
As for higher-order visual cortical areas, the cat PMLS is considered by several investigators to be the homolog of the primate area MT (Payne 1993; Burke et al. 1998) , although one must also consider the AEV cortex (Scannell et al. 1996) . As PMLS cortex, area MT can process second-order motion information in a form-cue invariant manner (Albright 1992 ; O'Keefe and Movshon 1998), but fundamental differences are found between the neuronal populations within these 2 areas. Among others, only a quarter of MT neurons are sensitive to second-order stimuli (O'Keefe and Movshon 1998), whereas almost all PMLS neurons responded to such stimuli. Further, MT neurons have lower optimal temporal frequencies for second-order motion than for firstorder motion (O'Keefe and Movshon 1998), a characteristic absent in our PMLS data.
Conclusion
Our data indicate that PMLS neurons efficiently decode secondorder motion information, through a form-cue invariant mechanism. While it is still debated whether second-order motion is decoded via separate pathways (Vaina and Soloviev 2004; Allard and Faubert 2013) , the fact that all PMLS neurons that responded to contrast-modulated motion also responded to motion driven by luminance suggest that first-and second-order stimuli are processed through the same pathway, at least at this hierarchical level. Similitudes in second-order motion decoding between primate and cat visual systems suggest the existence of a conserved processing stream that process second-order motion information.
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